Obesity has reached epidemic proportions world-wide, with more than a billion adults being overweight (defined as a BMI greater than 25 kg/m^2^), and over 300 million adults classified as obese (BMI \>30 kg/m^2^) ([@bib1]). Obesity is a major risk factor for diabetes, insulin resistance, dyslipidemia, nonalcoholic fatty liver, cardiovascular disease, and some cancers ([@bib2], [@bib3]). Of concern is the economic impact of obesity which continues to rise steeply. Obesity develops from an imbalance between energy intake and expenditure ([@bib1], [@bib2]). While most therapies for obesity focus on reducing caloric intake and exercise ([@bib4], [@bib5]), increasing cellular energy expenditure has been proposed as an attractive alternate approach ([@bib6], [@bib7]).

Brown adipose tissue (BAT) has a remarkable energy dissipating capacity and actively promotes triglyceride clearance, glucose disposal, and generation of heat for thermogenesis ([@bib8]--[@bib10]). Brown fat cells have a high mitochondrial content and the ability to uncouple cellular respiration through uncoupling protein 1 (UCP1) ([@bib9]). Hence the amount of BAT activity impacts systemic energy balance, and may be a determinant of both obesity and the related dysregulation of lipid metabolism observed in the metabolic syndrome ([@bib8], [@bib9]). Transgenic mice that overexpress UCP1 are resistant to genetic and diet-induced obesity ([@bib11]). It is evident from recent reports that there exist two different types of UCP1-positive adipocytes with distinctly different developmental origins. These are classical brown adipocytes, which are found in the interscapular regions, and pockets of UCP1-positive adipocytes that are found within white adipose tissue (WAT) depots ([@bib12]--[@bib17]). These inducible brown-like adipocytes known as "brite" (brown-within-white) or "beige" adipocytes possess many of the biological and morphological characteristics of classical brown adipocytes. Importantly, some factors that promote the "browning" of WAT have been identified, including PPARγ agonists, SirT1-dependent deacetylation of PPARγ, activation of the hypothalamic-adipocyte axis, and loss of myostatin (Mst) and neuronatin ([@bib13]--[@bib17]).

We recently demonstrated that brown adipocyte differentiation is inhibited by Mst, a negative regulator of muscle mass ([@bib18]). In both mice and primary cell cultures, Mst inactivation promoted the expression of key brown adipocyte genes, including Ucp1, PR domain containing 16 (Prdm16), Pgc1a, and bone morphogenetic protein 7 (Bmp7) ([@bib18]). Mst inactivation also protects mice from diet-induced obesity by blockade of the transforming growth factor-β (TGF-β)/Mst/Smad3 signaling cascade ([@bib19], [@bib20]). Previously, we observed that androgens upregulated the expression of follistatin (Fst) and antagonized TGF-β signaling in various cell lines ([@bib18], [@bib21]). Because Fst is known to antagonize Mst and inhibit overall TGF-β signaling, we hypothesized that Fst may promote the browning of white adipocytes. Here we demonstrate that Fst enhances the acquisition of brown adipocyte characteristics, including expression of thermogenic markers and increased respiratory function.

MATERIALS AND METHODS
=====================

Animals
-------

Male and female Fst heterozygous (Fst^+/−^) mice were a kind gift from Dr. Martin Matzuk (Baylor College of Medicine) ([@bib22]). Mating between heterozygous males and females was performed and embryos (∼13.5 days) were collected for preparation of WT (+/+) and KO (−/−) mouse embryonic fibroblasts (MEFs). All mice were housed at constant temperature (74°F) under an artificial light/dark cycle (12/12 h) and allowed free access to food and water. Animal experiments were approved by the Institutional Animal Care and Use Committee. For cold exposure, C57BL/6 mice were kept at 4--6°C for 8 h and BAT was harvested and compared with tissue from the room temperature mice.

Differentiation of brown preadipocytes
--------------------------------------

Immortalized brown preadipocytes were received as a gift from Dr. Bruce Spiegelman, Harvard Medical Center ([@bib23]). Confluent cells seeded on 6-well plates were exposed to an adipogenic cocktail containing 5 μM dexamethasone, 20 nM insulin, 0.5 mM isobutylmethylxanthine (IBMX), 1 nM T3, and 125 μM indomethacin (Sigma Chemicals, St. Louis, MO) in the presence or absence of 0.5 μg/ml recombinant FST protein (R&D Systems, Minneapolis, MN) ([@bib23]). Forty-eight hours after adipogenic induction, culture medium was replaced with maintenance medium containing 20 nM insulin and 1 nM T3 with or without FST for an additional 6 days. Cells were harvested and analyzed for adipocyte-specific markers by Western blot and real-time quantitative PCR (qPCR) analysis.

MEF culture, differentiation, and treatment
-------------------------------------------

MEFs were generated from 13.5 day postcoitum mouse embryos as described before ([@bib18]). Embryos were harvested; the head, limbs, and the internal organs were removed; and the carcasses were rinsed in 1× PBS and minced. Minced carcasses were suspended with 3 ml 0.025% trypsin/EDTA (Invitrogen, Carlsbad, CA) and incubated at 37°C for 20 min. After two trypsinization cycles, the trypsin was neutralized by adding an equal volume of cell culture medium (DMEM supplemented with 10% FBS, 20 mM glutamine, and penicillin/streptomycin). Cell suspensions were centrifuged, suspended with cell culture media, plated in T-75 flasks, and cultured at 37°C in 95% air and 5% CO~2~. Differentiation was induced after 1 day postconfluent cells (designated day 0) were treated with modified adipogenic differentiation medium containing 1 μM dexamethasone, 0.5 mM IBMX, 5 μg insulin/ml, and 0.5 μM rosiglitazone (Sigma Chemicals) for 48 h. After 48 h, maintenance medium containing 5 μg insulin/ml and 0.5 μM rosiglitazone nurtured the cells until day 6. MEFs isolated from Fst KO embryos were also treated with recombinant FST (0.5 μg/ml) (R&D Systems) and medium refreshed on alternate days. Early passage MEFs (*P* ≤ 3) were used for each experiment in order to avoid senescence.

Genotyping
----------

Genomic DNA was isolated from the heads of each harvested embryo using Direct Lysis reagent (Viagen Biotech, CA). Genotypes of embryos were confirmed by PCR using the following primer sets: *a*) 5′-ATCTATCGCCCTTGGGTCTT-3′ and 5′-AAAACCTACCGCAAC­­GAATG-3′, which amplifies a 152 bp fragment from the WT Fst allele; and *b*) 5′-GGTGGGAAATGTCACCTGAT-3′ and 5′-CGG­TG­GATGTGGAATGTGT-3′, which amplifies a 262 bp fragment from the Fst KO allele. The PCR cycle profile used for genotyping was as follows: 94°C for 1 min, 94°C for 30 s/68°C for 30 s (2 min for 15 cycles with −0.5°C per cycle), 94°C for 30 s, and 60°C for 30 s for 20 cycles ([@bib18]).

Real-time qPCR analysis
-----------------------

Quantitative gene expression analysis of mouse tissues and MEFs was performed by qPCR. Total RNA was extracted with Trizol reagent (Life Technologies, Carlsbad, CA) and equal amounts (2 μg) of RNA were reverse transcribed using a RNA high capacity cDNA kit (Applied Biosystems, Foster City, CA). The Power Sybr Green PCR master mix was used with a 7500 fast real-time PCR system (Applied Biosystems). The primer pairs were designed using Primer bank. Samples of 25 ng cDNA were analyzed in quadruplicate in parallel with GAPDH controls. The experimental mRNA starting quantities were calculated from standard curves and averaged using 7500 software v1.4 ([@bib18], [@bib19]).

Oil Red O staining
------------------

Differentiated MEF cultures were washed in 1× PBS, fixed in 2% paraformaldehyde, and stained with 0.5% Oil Red O (Sigma Chemicals) for 15 min as described previously ([@bib24]). Oil Red O staining was quantified by image analysis using the Image Pro 4.01 software (Media Cybernetics, Silver Spring, MD), coupled to a Leica DMLB microscope/VCC video camera. After images were calibrated for background lighting and relative Oil Red O optical density (OD) was calculated as integrated OD (IOD) (IOD = area × average intensity) using at least 20 pictures per treatment group ([@bib24]).

Immunoblot analysis
-------------------

Proteins were resolved on 10--12% SDS-PAGE gels and then electrotransferred and analyzed for protein levels using the following antibodies: anti-C/EBP-α (1:1,000 dilution, catalog number sc-61; Santa Cruz Biotechnology, CA); anti-PPARγ (1:1,000 dilution, catalog number sc-7273; Santa Cruz Biotechnology), anti-Fst (1:5,000 dilution, a kind gift from Dr. Alan Schneyer, Pioneer Valley Life Science Institute, MA); anti-UCP1 (1:1,000 dilution, catalog number ab10983, Abcam, MA); anti-PRDM16 (1:300 dilution, catalog number sc-130243, Santa Cruz Biotechnology), anti-Cyt C (1:1,000 dilution, catalog number 42805; Cell Signaling, MA); anti-PPAR gamma coactivator-1α (PGC-1α) (1:1,000 dilution, catalog number sc-13067; Santa Cruz Biotechnology), anti-major urinary protein 1 (Mup1) (1:1,000 dilution, catalog number sc-66976; Santa Cruz Biotechnology); anti-aP2 \[also known as fatty acid binding protein 4 (FABP4)\] (1:500 dilution, catalog number sc-136150; Santa Cruz Biotechnology); anti-adiponectin (1:1,000 dilution, catalog number MAB3608; Millipore, Temecula, CA); anti-AMPK (1:1,000 dilution, catalog number 2532S; Cell Signaling), anti-pAMPK (1:1,000 dilution, catalog number 2531S; Cell Signaling), anti-β-actin (1:2,000 dilution, catalog number sc-130656; Santa Cruz Biotechnology), and anti-GAPDH (1:5,000 dilution, catalog number AB2302; Millipore). Appropriate HRP-linked secondary antibodies (1:1,000 dilution; Cell Signaling) were used and immuno-reactive bands were visualized, scanned, and analyzed by Image Quant software ([@bib18], [@bib19]).

Immunohistochemical analysis
----------------------------

Embryo sections were fixed overnight in formalin, embedded in paraffin blocks, and sectioned. Tissue sections were stained with hematoxylin/eosin or with anti-UCP1 antibody (1:200 dilution, catalog number ab10983; Abcam) following standard procedures. Quantitative image analysis was performed by computerized densitometry using the ImagePro 4.01 program (Media Cybernetics) coupled to a Leica B microscope equipped with a Spot RT digital camera (Diagnostic Instruments, Portland, OR) ([@bib18], [@bib19]).

Microarray analysis
-------------------

Global gene expression microarray studies utilizing Affymetrix U133 Plus 2.0 array (Affymetrix, Santa Clara, CA) was performed in collaboration with the University of California at Los Angeles Clinical Microarray Core. MEFs from WT (Fst^+/+^) and Fst KO (Fst^−/−^) mice were differentiated under modified adipogenic conditions, and RNA isolated with TRIzol followed by Qiagen column purification (Qiagen, Valencia, CA). RNA integrity was evaluated by an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA) and purity and concentration were determined by NanoDrop 8000 (NanoDrop, Wilmington, DE). Subsequent data analyses were performed using the Partek Genomics Suite with the CEL files obtained from GeneChip® Console Software. The data were normalized using the robust multi-array average algorithm. Changes in gene expression (≥3.5-fold) for selected genes were confirmed by qPCR using the primer sequences reported previously ([@bib18], [@bib19], [@bib25], [@bib26]).

Analysis of cellular oxygen consumption
---------------------------------------

Oxygen consumption rates (OCRs) of differentiated MEFs were measured in a Seahorse Bioscience XF24 extracellular flux analyzer (North Billerica, MA) ([@bib27], [@bib28]). Undifferentiated MEFs were seeded at 4 × 10^4^ cells per well in DMEM containing 10% FBS and incubated overnight at 37°C with 5% CO~2~. MEF adipogenic differentiation was performed for 8 days before measurement. The day of the assay, medium was replaced by unbuffered DMEM supplemented with 25 mM glucose and cells were incubated at 37°C in a CO~2~-free incubator for 2 h before the OCR was recorded. During the assay, 0.5 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was injected to deduce the maximal respiration capacity ([@bib27], [@bib28]). MEFs were treated with 10 nM CL 316,243 for 2 h prior to the OCR measurements in order to stimulate the brown-like adipocytes.

Statistical analysis
--------------------

Data are presented as mean ± SEM, and between group differences were analyzed by one-way ANOVA using GraphPad Prism version 5.3 or 6.0 (GraphPad Software, San Diego, CA). If the overall ANOVA revealed significant differences, then pair-wise comparisons between groups were performed by Newman-Keuls multiple group test. All comparisons were two-tailed and *P* ≤ 0.05 was considered statistically significant. The experiments were repeated at least three times (except for microarray analysis), and data from representative experiments are shown.

RESULTS
=======

Analyses of Fst gene expression in various tissues
--------------------------------------------------

In order to gain some insight regarding possible functional roles of Fst in various tissue types, we performed real-time qPCR analysis of a tissue panel prepared from C57BL6/J mice. This panel contained BAT and epididymal and inguinal subcutaneous WAT depots, as well as several other metabolic tissues including brain, heart, intestine, liver, skeletal muscle, and testis. Fst gene expression was highest in BAT and skeletal muscle, and was also expressed at substantial levels in inguinal WAT and liver, with significant but lower levels in other tissues ([**Fig. 1A**](#fig1){ref-type="fig"}). While the role of Fst in regulating skeletal muscle mass is well-known, our data suggest a possible novel role for Fst in both BAT and WAT.

![Tissue distribution of Fst and its induction during adipogenic differentiation of mouse brown preadipocyte cells. A: Real-time qPCR analysis of Fst gene expression in mouse tissue panel (n = 3). B: Photomicrographs of mouse brown preadipocyte cells grown either in regular growth medium (undifferentiated) or in BAT-specific adipogenic medium (differentiated) for 8 days. C: Analysis of key adipogenic markers in cell lysates obtained from undifferentiated and differentiated brown preadipocyte cells. Representative data from three independent experiments are shown. D: Fst mRNA levels in BAT from room temperature (RT) and 8 h cold-exposed (4--6°C) (Cold) mice (n = 3). E: Effect of recombinant FST protein (0.5 μg/ml) on selected genes in mouse brown preadipocyte cells during adipogenic differentiation (n = 3). Data are presented as mean ± SEM. \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001. Epi, epididymal fat; Ing, inguinal fat.](375fig1){#fig1}

Induction of Fst during BAT-specific differentiation of mouse brown preadipocyte cells and cold exposure
--------------------------------------------------------------------------------------------------------

We investigated whether Fst expression is regulated during brown adipocyte differentiation. Mouse brown preadipocytes were allowed to differentiate for 8 days under brown adipocyte-specific conditions as previously described ([@bib23]). As expected, the cells accumulated lipids in multilocular droplets ([Fig. 1B](#fig1){ref-type="fig"}), and levels of key brown adipocyte proteins (UCP1, PRDM16, C/EBP-α, and aP2) were significantly induced ([Fig. 1C](#fig1){ref-type="fig"}). Importantly, Fst protein levels increased from nearly undetectable in preadipocytes to substantial levels in differentiated brown adipocytes ([Fig. 1C](#fig1){ref-type="fig"}). Notably, Fst was also dramatically induced in BAT obtained from cold-exposed mice ([Fig. 1D](#fig1){ref-type="fig"}). Because Fst is a secreted protein, we tested whether exogenously added FST protein had an effect on brown adipocyte differentiation. Treatment of cells during differentiation with FST (0.5 μg/ml) enhanced thermogenic gene expression 50--80% beyond levels in cultures differentiated without FST ([Fig. 1E](#fig1){ref-type="fig"}). Thus, our data indicate a possible functional role of Fst during brown adipocyte differentiation and regulation of the thermogenic process.

Impairment of both adipogenesis and induction of brown adipocyte markers during differentiation of Fst-deficient cells
----------------------------------------------------------------------------------------------------------------------

To assess whether Fst is required for the acquisition of brown adipocyte features during adipocyte differentiation, we compared adipogenesis in MEFs isolated from WT or Fst KO embryos. MEFs were used at early passage (≤3 passages), and independent isolates from distinct mothers gave similar results. MEFs were allowed to differentiate for 8 days using an established adipogenic cocktail ([@bib18]). Compared with WT MEFs, Fst KO MEFs accumulated lower amounts of neutral lipids as detected by Oil Red O staining ([**Fig. 2A**](#fig2){ref-type="fig"}). Fst deficiency also led to lower levels of several key adipogenic proteins that are present in both WAT and BAT, including FABP4 (also known as aP2), PPARγ, PRDM16, UCP1, and PGC-1α ([Fig. 2B](#fig2){ref-type="fig"}). It should be noted that although clearly detectable levels of UCP1 and related proteins are induced upon WT MEF differentiation, these levels are far lower than those present in mouse interscapular BAT ([Fig. 2C, D](#fig2){ref-type="fig"}). Nevertheless, the MEF system allows assessment of the effect of Fst deficiency on adipogenic conversion, which is difficult to study in vivo due to perinatal death of Fst KO pups ([@bib22]). Our results in MEF cells are further supported by the demonstration that e14 embryo sections from Fst KO mice exhibit approximately 50% lower levels of UCP1 immunostaining than WT embryos ([Fig. 2E](#fig2){ref-type="fig"}). Together, these results indicate that Fst influences adipogenesis and brown adipocyte differentiation.

![Inhibition of key thermogenic markers in differentiating Fst KO MEF cultures compared with the WT group. A: Left panel, Oil Red O staining. Right panel, quantitative image analysis showing relative Oil Red O OD expressed as IOD (IOD = total intensity × area of staining) of differentiated WT and Fst KO MEF cultures (n = 3). B: Left panel, Western blot analysis. Right panel, densitometric analysis of key adipogenic proteins expressed in WT and Fst KO MEF cultures undergoing adipogenic differentiation (n = 3). C: Real-time qPCR analysis comparing key thermogenic genes expressed in differentiated MEFs and interscapular BAT (iBAT) in vivo (n = 3). D: Comparison of UCP1 protein expression in differentiated WT and Fst KO MEFs and iBAT. Representative data from three independent experiments are shown. E: Left panel, immunohistochemical staining of UCP1 protein in WT and Fst KO embryo sections (day 14) is visible as brown colored regions. Right panel, quantitation of UCP1 staining density in stained sections as performed by computerized densitometry (see Materials and Methods for more detail) (n = 3). Data are presented as mean ± SEM. \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001; \#\#*P* ≤ 0.01 compared with WT group.](375fig2){#fig2}

Recombinant Fst rescues thermogenic genes and protein levels in Fst KO MEFs
---------------------------------------------------------------------------

To confirm that the difference in adipogenic capacity between Fst KO and WT MEFs was attributable to lack of Fst, we treated WT and Fst KO MEFs with FST (0.5 μg/ml) at the beginning of differentiation for 4 days. FST treatment led to significant increases in adipocyte gene expression and protein levels over differentiation medium alone ([**Fig. 3**](#fig3){ref-type="fig"}). Importantly, the addition of FST to Fst KO cultures restored or exceeded the mRNA levels of several brown adipocyte markers including *Ucp1*, *Bmp7*, *Prdm16*, *Pgc1a*, *Pgc1b*, and *Cidea* ([Fig. 3A](#fig3){ref-type="fig"}) and protein levels of PRDM16, UCP1, Cyt-C, and PGC-1α observed in WT MEFs treated with adipogenic medium ([Fig. 3B, C](#fig3){ref-type="fig"}). Interestingly, WT MEFs also exhibited enhanced mRNA and protein levels in response to FST. There was no significant difference in gene expression after FST treatment between WT and Fst KO groups except for *Pgc1a* ([Fig. 3A](#fig3){ref-type="fig"}). These results are in agreement with our finding in the brown adipocyte cell line ([Fig. 1](#fig1){ref-type="fig"}).

###### 

Analysis of key BAT-related genes and proteins in WT and Fst KO MEF cultures allowed to differentiate either in the presence or the absence of recombinant FST protein. A: Real-time qPCR analysis in WT and Fst KO MEF cultures after treatment with recombinant FST protein (0.5 μg/ml) after 4 days (n = 3). Western blot (B) and densitometric analysis (C) of PRDM16, UCP1, Cyt C, and PGC-1α proteins in differentiating MEF cultures from WT and Fst KO groups (n = 3). Data are presented as mean ± SEM. \**P* ≤ 0.05; \*\**P* ≤ 0.01. ns, nonsignificant.
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Global gene expression profiling demonstrates significant lack of stimulation of key genes involved in lipid and energy metabolism in Fst KO MEFs compared with the WT group
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Based on our initial findings that Fst loss-of-function impairs induction of key BAT-related genes and proteins, we sought to more broadly determine the effects of Fst on gene expression during early stages of brown adipocyte induction. We performed Affymetrix global gene expression profiling of WT and Fst KO MEFs after treatment with differentiation medium for 48 h. An unbiased analysis of the pathways affected by Fst using Ingenuity Pathway Analysis revealed most prominent differences between the two genotypes in mRNA levels for genes implicated in lipid metabolism and energy metabolism pathways ([**Fig. 4A**](#fig4){ref-type="fig"}). Expression levels for genes having a reduction of 3.5-fold or more in Fst KO compared with WT MEFs ([**Table 1**](#tbl1){ref-type="table"}) were measured by qPCR. We confirmed significant downregulation of several genes including *Acsl1*, *Adn* (adiponectin), *Agpat9*, *Atpa2*, *Cd36*, *Fabp4*, *Mup1*, *Pparg*, *Thrsp*, *Apoa2*, and *Pgc1a* ([Fig. 4B](#fig4){ref-type="fig"}). All additional differentially expressed genes involved in lipid and energy metabolism with changes less than 3.5-fold but higher than 1.5-fold in magnitude are shown in supplementary Table I.

![A: Ingenuity pathway analysis demonstrating lipid metabolism as the most significantly altered pathway between WT versus Fst KO groups (n = 1). B: Validation of Affymetrix gene expression analysis by qPCR using gene-specific primers (n = 3). Data are presented as mean ± SEM. \**P* ≤ 0.05; \*\**P* ≤ 0.01.](375fig4){#fig4}

###### 

Downregulation of energy production- and lipid metabolism-related genes in differentiating Fst KO MEF cultures compared with the WT group

  Symbol       Entrez Gene Name                                                                Fst KO versus Fst WT (fold change)
  ------------ ------------------------------------------------------------------------------- ------------------------------------
  *Adn*        Adiponectin, C1Q and collagen domain containing                                 −36.7
  *Thrsp*      Thyroid hormone responsive                                                      −11.7
  *Hp*         Haptoglobin                                                                     −10.1
  *Acsl1*      Acyl-CoA synthetase long-chain family member 1                                  −9.0
  *Fabp4*      Fatty acid binding protein 4, adipocyte                                         −6.3
  *Agpat9*     1-Acylglycerol-3-phosphate O-acyltransferase 9                                  −4.8
  *Plg*        Plasminogen                                                                     −4.8
  *Pparg*      PPARγ                                                                           −4.7
  *Apoc2*      Apolipoprotein C-II                                                             −4.2
  *Atp1a2*     ATPase, Na^+^/K^+^ transporting, α2 polypeptide                                 −4.2
  *Saa1*       Serum amyloid A1                                                                −4.1
  *Cps1*       Carbamoyl-phosphate synthase 1, mitochondrial                                   −4.0
  *Cd36*       CD36 molecule (thrombospondin receptor)                                         −3.9
  *Mup1*       Major urinary protein 1                                                         −3.9
  *Serpina1*   Serpin peptidase inhibitor clade A (α-1 antiproteinase, antitrypsin) member 1   −3.6

Cells were allowed to differentiate under BAT-specific conditions as described in the Material and Methods and Affymetrix gene expression analysis was performed. Changes in energy production- and lipid metabolism-specific genes that were above 3.5-fold were selected.

Decreased respiration in differentiating Fst-deficient MEFs is enhanced by restoration of Fst
---------------------------------------------------------------------------------------------

We evaluated OCR in differentiating WT and Fst KO MEFs to determine whether the alterations in gene and protein levels observed in Fst deficiency are reflected in cellular respiration and to further test whether recombinant FST could restore cellular respiration in Fst-deficient MEFs. WT and Fst KO MEFs were differentiated for 8 days and cellular respiration was measured with an XF24 analyzer. OCR was recorded under both basal and FCCP-treated conditions in order to obtain the maximal respiration capacity. As shown in [**Fig. 5**](#fig5){ref-type="fig"}, Fst KO cells exhibited significantly lower basal mitochondrial respiration compared with the WT cells. Importantly, the addition of recombinant FST to Fst KO cultures rescued the respiration impairment, allowing the OCR to even exceed the levels of WT cells. The recombinant FST also increased maximal OCR in Fst KO cells. These results indicate that Fst increases cellular respiration.

![Measurements of OCR in differentiated WT and Fst KO MEFs. Eight day-differentiated MEFs were activated with 10 nM CL 316,243 for 2 h prior to OCR measurements. Basal respiration and maximal respiration capacity were obtained before and after FCCP injection, respectively (n = 3). Data are expressed as mean ± SEM. \**P* ≤ 0.05; \*\*\**P* ≤ 0.001.](375fig5){#fig5}

DISCUSSION
==========

Fst is an extracellular protein that binds activins and Mst with high affinity and inhibits signaling through TGF-β superfamily members that regulate diverse processes such as cell growth and differentiation, as well as secretion of follicle stimulating hormone ([@bib29]--[@bib31]). Fst KO mice die shortly after birth ([@bib22]), and therefore have been difficult to study. Although the role of Fst in promoting muscle mass is well-documented ([@bib19], [@bib32]--[@bib34]), its role in other metabolic tissues is less well-known. We identified Fst expression in BAT and WAT, and investigated its potential role in adipocyte biology. Our studies revealed for the first time that Fst is induced upon differentiation of brown preadipocytes, and that FST protein treatment during adipocyte differentiation increased mRNA and protein levels of thermogenic genes that are characteristic of brown and beige adipocytes. Moreover, Fst expression was substantially induced in BAT from cold-exposed mice. More importantly, these results may have broader implications for a role of Fst in brown adipocyte biology.

Recent studies convincingly demonstrate that inhibition of Mst, and related members of the TGF-β superfamily, promotes browning of WAT and protects mice from diet-induced obesity and insulin resistance ([@bib14], [@bib18], [@bib20], [@bib21]). Because Fst is a known antagonist of activins and Mst, we investigated the role of Fst during BAT differentiation and browning of WAT using appropriate model systems. While classical BAT develops from Myf5-positive precursors that differentiate into brown adipocytes through the action of PRDM16, beige adipocytes responsible for browning of WAT arise from non-Myf5 cell lineage ([@bib35]--[@bib38]). These beige adipocytes have characteristics of both white and brown fat cells with a unique gene expression profile and cell surface proteins ([@bib38]). A systematic approach employed in this study, by initially analyzing the expression of Fst in mouse tissue panel and subsequently in differentiating mouse brown preadipocyte cells and MEF primary cultures, demonstrated a novel role for Fst in regulating brown fat activity. We utilized a modified adipogenic differentiation cocktail medium that contained rosiglitazone along with regular adipogenic cocktail that included IBMX, insulin, and dexamethasone to induce brown fat-like differentiation of MEFs ([@bib18]). Rosiglitazone, a PPARγ agonist, is known to induce mitochondrial biogenesis ([@bib39]), white-to-brown fat conversion ([@bib15]), and nonadrenergic recruitment of brown preadipocytes ([@bib40], [@bib41]). Using this modified adipogenic differentiation cocktail, we found brown fat-like multilocular adipocytes that expressed BAT-specific gene signature and also expressed key markers involved in lipid and energy metabolism. We showed that Fst loss-of-function in MEF cultures significantly decreased the expression of adipogenic markers and key thermogenic markers, the latter being rescued by simultaneous treatment of the differentiating cells with recombinant FST. These results support the role of Fst in the acquisition of BAT-like phenotypes. Downregulation of several key genes involved in lipid and energy metabolism in the Fst KO groups suggests an important role of Fst during this process. Fst KO MEFs also had significantly lower levels of phosphorylated adenosine monophosphate-activated protein kinase (pAMPK) (supplementary Fig. I), which acts as a metabolic fuel gauge and plays an important role in regulating cellular energy balance ([@bib42]). Therefore, our global gene profiling data indicates that Fst is a key modulator of lipid and energy metabolism and its loss-of-function results in severe metabolic defects that may be essential for survival.

The molecular mechanisms responsible for Fst-induced brown characteristics of white adipocytes are not known at the moment; however, it is possible that Fst may antagonize the Mst/TGF-β signaling pathway during the process. Mst is predominantly expressed in skeletal muscle and plays an important role in regulation of muscle mass and fat deposition ([@bib43]). We have recently reported that Mst inactivation in Mst KO MEFs promotes pathways related to lipid metabolism and brown fat differentiation ([@bib18]). It will be interesting to explore whether Fst targets Mst signaling to promote adipocyte differentiation and browning. Among several relevant genes involved in regulating brown characteristics, we also identified PGC-1α and Mup1 as two interesting genes with established roles during regulation of energy homeostasis. While PGC-1α is known to drive brown fat-like development of white fat and influence thermogenesis ([@bib44], [@bib45]), Mup1, a member of the lipocalin family, has recently been identified as a key regulator of glucose and lipid metabolism and increases energy expenditure through enhanced mitochondrial functions ([@bib46]--[@bib48]). In spite of the limitations of using MEFs as our model systems, our data clearly identified a novel role of Fst in regulating both protein and gene expression of these established regulators of thermogenic programs. A growing list of agents have recently been reported to promote browning of WAT, a process that engages several distinct mechanisms to regulate white adipose function, energy expenditure, and regulation of certain aspects of thermogenic programs that are linked to their ability to resist diet-induced obesity and improved insulin sensitivity ([@bib13], [@bib16], [@bib49]). Fst is known to promote skeletal muscle mass, which is abundant in Myf5-expressing cells of myogenic lineage. Although it is not known whether Fst regulates the Myf5-positive precursor pool present in skeletal muscle and classical brown fat, it is possible that it may also promote classical BAT mass and its activity by directly targeting Myf5-expressing cells.

Although our in vitro data obtained from differentiated brown adipocyte and MEF cultures suggest significant induction of genes and proteins involved in maintaining energy homeostasis and increased cellular respiration in the presence of Fst, detailed studies examining key metabolic parameters in Fst transgenic mice would be extremely important to ascertain its functional role in vivo. It is important to generate Fst transgenic mice under both white adipocyte-specific adiponectin promoters as well as under brown adipocyte-specific UCP1-specific promoters in order to identify the potential adipocyte target of Fst. Such in vivo models would clearly delineate potential tissue targets of Fst, as well as its precise mechanism of action and its effect on various metabolic parameters including whole body energy expenditure, glucose clearance, and insulin sensitivity, as well as the effect of high-fat diet on the body composition during its regulation of energy homeostasis. Understanding the molecular targets responsible for Fst's action during its regulation of energy homeostasis may provide a novel therapeutic approach to treat obesity and type 2 diabetes.
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======================

###### Supplemental Data

Fst heterozygous male and female mice were a gift from Dr. Martin M. Matzuk (Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX). Fst antibody was a gift from Dr. Alan Schneyer (Pioneer Valley Life Science Institute, Springfield, MA).
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